ABSTRACT
As coronary artery disease (CAD) continues to be the primary cause of mortality, a more in-depth understanding of pathophysiology and novel treatments are being sought. The past two decades have established inflammation as a driving force behind CAD -from endothelial dysfunction to heart failure. Recent advances in stem/progenitor cell biology have led to initial applications of progenitor cells in CAD continuum and have revealed that atherosclerosis is, at least in part, a disease of failed endogenous vascular repair. Several key progenitor cell populations including endothelial progenitor cells low population), KDR + cells and other bone marrow subtypes are mobilized for vascular repair. However, age and risk factors negatively impact these cells even prior to clinical CAD. Sex-based differences in progenitor cell capacity for repair have emerged as a new research focus that may offer mechanistic insights into clinical CAD discrepancies between men and women. Quantifying injury and cell-based repair and better defining their interactions should enable us to halt or even prevent CAD by enhancing the repair side of the repair/injury equation.
INTRODUCTION
Atherosclerosis is a pathophysiological process that affects the vascular tree and leads to coronary artery disease (CAD), peripheral artery disease, and stroke. (1) Since the term atheroma -an accumulation of lipids, cells and debri in the arterial wall -was coined by Albrecht von Haller in 1755, (2) the understanding of the pathophysiology of atherosclerosis has evolved considerably. We now recognize that the cascade of cellular and tissue events culminating in clinical CAD is far more complex than an accumulation of cholesterol particles within the endothelial lining. Instead, as a lesion progresses, lipids and foam cells form the center of the atherosclerotic plaque, surrounded by apoptotic smooth muscle cells and altered collagen matrix. (1, 3) . But that's not all. Seminal works of the twentieth century have identified a central role of inflammation in activating the endothelium to allow the attachment of oxidized lipoproteins, and to permit the lesion to grow. (1, (4) (5) (6) Specifically, Ross' work on the "response to injury" hypothesis demonstrated the presence of endothelial inflammation even prior to a detectable lesion. (5) Further research has confirmed the existence of T-and B-lymphocytes, macrophages and mast cells within the shoulder region of the plaque, where the majority of growth occurs. (1, (7) (8) (9) (10) (11) (12) These cells release pro-inflammatory T helper (Th)-1-type (atherogenic) cytokines (i.e., interferongamma, tumor necrosis factor alpha (TNF)-α, macrophage inflammatory protein-1α, interleukin (IL)-12, regulated on activation normal T cell expressed and secreted (RANTES) chemokine, etc) that induce smooth muscle apoptosis, degrade collagen matrix and permit the expansion of the lipid core. (2, 13, 14) The recognition of the driving force of plaque progression has evolved beyond hypercholesterolemia to chronic inflammation, as the mediator of the growth of atherosclerotic plaque lesions.
Soon after initial experimental and clinical studies demonstrated existence of chronic inflammation throughout all stages of atherosclerosis, (1, 6, 13, 14) trials of anti-inflammatory therapies ensued to halt lesion formation and reduce disease-related events. In particular, non-steroidal anti-inflammatory drugs, glucocorticosteroids, cytokine/chemokine antagonists, complement inhibitors and monoclonal antibodies have been evaluated. (15) (16) (17) (18) (19) (20) Unfortunately, no favorable effects on clinical outcomes were observed, and the risk-to-benefit ratio was frequently in favor of adverse effects. Several reports have shown that hydroxy-methyl-glutaryl co-α reductase inhibitors ("statins") possess anti-inflammatory activity, (21) but the magnitude of this effect depends on a specific drug within the class, its dose and the disease context. (21, 22) The data on the reduction of inflammation with the standard therapies for acute myocardial infarction (AMI) and heart failure (HF) are mixed. (13, 23-25) To date, no single drug has abolished the entire cytokine and soluble marker cascade that drives chronic inflammation in CAD.
Why has it been so difficult to extinguish vascular inflammation with drug therapy? It would seem that once the main pathways were identified -which occurred years ago -scientists would have been able to target them with highly selective drugs. But that approach has not produced the desired results. The ongoing failure of that process indicates that decreasing inflammation is a one-sided approach to treatment of atherosclerosis. Even though it is now clear that adult organs have the ability for endogenous repair, which appears to be mediated by the bone marrow progenitor cells that renew the endothelium, (26) we have not viewed atherosclerosis as a disease of failed endogenous repair. We assumed that once an element of a pathologic cascade is blocked, repair would be automatic…without considering that the efficiency of reparative process is proportionate to the availability and function of reparative progenitor cells. (27, 28) .
Therapeutic applications of bone marrow mononuclear cells (BM-MNCs), skeletal myoblasts and other types of exogenous cells after AMI and/or in HF have shown beneficial effects on the injured myocardium (detailed in Section 7). Those data have highlighted the importance of tipping the balance of injury and repair towards repair. In addition, our recent data show that cell therapy could be a potent tool for halting progression of atherosclerosis and improving vascular health. (29) We believe that bench studies elucidating the mechanisms of endogenous repair and clinical evaluations of the state of repair in various contexts of disease will move us toward achieving a long-awaited reduction of cardiovascular morbidity and mortality.
Therefore, we consider it timely to review the concept of endogenous repair in atherosclerosis and to discuss data from studies in atherosclerotic apolipoprotein E knockout (ApoE -/-) mice and in CAD patients supporting the theory that this disease is, at least in part, a failure of endogenous repair within the heart and the vasculature. We also share our very recent data highlighting an emerging issue -sex-based differences in endogenous repair -that may explain clinically-relevant differences in symptomatology, risk stratification and efficacy of drug therapy between men and women with CAD.
ENDOGENOUS REPAIR: AN EVOLVING HYPOTHESIS
The dogmas of terminal differentiation of organs of the human body prevalent in cell biology and medicine in the twentieth century have now evolved to recognize the existence of reparative maintenance throughout human lifespan. (26, 30) Virtually every organ in the body, surprisingly including heart, is capable of ongoing maintenance; however, with aging and when overwhelmed by the challenges of acute or chronic disease, this process fails. (26) .
We define endogenous repair in CAD (Figure 1 ) as termination and regression of lesion growth and restoration of endothelial integrity and function by "reparative" bone marrow progenitor cells and circulating Th2-type (anti-inflammatory) and hematopoietic/regulatory cytokines and chemokines. In doing so, these "reparative" bone marrow cells aim to counteract the "detrimental" progenitors and Th1-type (pro-inflammatory) cytokines that are recruited to the activated segment of endothelium and promote focal atherogenesis. This process is regulated by positive and negative feedback loops and is influenced by neurohormones. (27) .
More specifically, endothelial injury -initiated by a myriad of offensive agents, such as free radicals, oxidized lipoproteins, viral and bacterial toxins, as well as physiological processes (e.g., ischemia) that change tissue milieu -stimulates resident macrophages to degranulate and release a host of pro-inflammatory Th1-type cytokines that quickly recruit "detrimental" (e.g., CD45 Concurrently, cells that can mediate repair and renewal of the endothelium ("reparative" progenitors, in green) are mobilized reflecting endogenous repair. This reparative pathway is mediated by Th2-type cytokines. Ultimately, the availability and functional capacity of these "reparative" progenitor cell populations declines, Th1-type inflammatory response predominates and tissue damage is perpetuated leading to lesion progression. See text for a complete discussion. Abbreviations: Th, T-helper.
tissue level in an endogenous attempt to stimulate a reparative response to counteract the Th1-type cytokines. (2, (33) (34) (35) . Recent evidence suggests involvement of regulatory Th17 cells in this process. (36, 37) When a sufficient number of reparative cells are recruited, the balance tips toward repair, inflammation is halted, and healing ensues.
Failure to neutralize injury-causing agent (s) (either via phagocytosis or via cytokine-mediated pathways) and to recruit "reparative" BM-MNCs to restore damaged endothelial lining establishes chronic inflammation. (33) When inflammation is ongoing, macrophage apoptosis (after phagocytosis) leads to a continuous release of Th1-type cytokines, which makes it difficult for endogenous repair to prevail. (38) In addition to the duration of inflammation, the degree of Th1-type cytokine/chemokine upregulation in the tissue and in circulation and the size of the affected area also determine whether and how soon the reparative response will prevail. For instance, in conditions characterized by a "cytokine storm" (such as graft versus host disease) the amount of secreted pro-inflammatory cytokines overshadows endogenous repair allowing inflammation to prevail, which often results in irreparable damage. (39) (40) (41) . Therefore, our current working hypothesis views endogenous repair as a process that: 1) is activated by tissue injury; 2) involves recruitment of "reparative" BMMNCs and Th2-type cytokines; and 3) is a highly regulated event. Any of these steps could be the weakest link making repair less efficient, allowing injury to prevail and tissue damage to progress, eventually transforming into clinicallyrelevant pathology.
CAPACITY FOR ENDOGENOUS REPAIR DECREASES WITH AGE -FERTILE GROUND FOR ATHEROSCLEROSIS?
Epidemiological observations have consistently shown that the prevalence and the incidence of coronary artery disease increase with age. According to the 2007 statistical update by the American Heart Association, the rate of the first major cardiovascular event steeply climbs from 7 per 1,000 men in the 35 to 44 years of age category to 68 per 1,000 men in the 85 to 94 years of age category. (42) As women age, the gap narrows, and the incidence similar to men presents itself one decade later, around 70 years of age. After 75 years of age, the sex-dependent gap no longer exists. (42) .
Among all the major CAD risk factors, age has been the most consistent predictor of major adverse cardiac events and survival in patients with a variety of CAD scenarios -from acute myocardial infarction (AMI) to endstage heart failure (HF). Vascular senescence is now wellrecognized: the changes in blood vessels associated with aging include decreased relaxation, increased inflammation, impaired angiogenesis and reduced antithrombotic function of the endothelium. Detailed molecular mechanisms of vascular senescence have been recently reviewed by Minamino et al (43) . Briefly, decreased nitric oxide (NO) production and endothelial NO synthase activity along with increased reactive oxygen species concentration in vascular cells are some of the pathways that trigger a higher apoptotic activity in senescing endothelium. On the contrary, vascular smooth muscle cells show apoptotic resistance with aging. These biochemical, functional and structural changes promote endothelial activation, and in the presence of hypertension, hyperlipidemia, smoking, obesity, type 2 diabetes and/or a sedentary lifestyle coalesce all required elements together for atherosclerosis to flourish.
Biochemical changes and cellular senescence notwithstanding, the availability of circulating hematopoietic progenitors declines with age. (44) This phenomenon alone is most likely a result of the two processes: reduced production of progenitor cells in the bone marrow and their increased senescence following egress out of the bone marrow, likely, at least in part, due to the above-mentioned age-related changes in the circulatory environment. But that's not all. Progenitor cell populations released out of the bone marrow in older subjects are much less functionally proficient (in terms of migration and proliferation) compared to those circulating in younger adults. In our recent study in atherosclerotic ApoE -/-mice, older mice had reduced plaque lesion formation when BM-MNCs from young (but not old) donor mice were infused. (29) In addition, this capacity to reduce plaque was lost in cells derived from young ApoE -/-mice fed on a high-fat diet. Because wild-type mice are resistant to atherosclerosis, (45) our data suggests that aging is equivalent to disease with respect to the reparative capabilities of bone marrow progenitors. These findings have been corroborated by both animal and human data showing reduction in the percentages and function of CD34 + , AC133
+ and KDR + (vascular endothelial growth factor receptor 2 + ) cells, commonly referred as endothelial progenitor cells (EPCs), with age. (46) (47) (48) (49) Because EPCs are distinguished by their capacity to drive angio-and vasculogenesis promoting repair, it is reasonable to conclude that aging has a cumulative negative impact on the balance of injury and repair: first, changes in the endothelium and in vascular smooth muscle cells are proatherogenic (which by itself would require a higher efficiency of repair to maintain endothelial health); and secondly, the availability and function of "reparative" BMMNCs declines with age (which by itself lowers efficiency of endogenous repair). Of interest is a recent study that showed improved EPC clonogenic and migratory capacity in middle-aged and older healthy men with regular aerobicendurance exercise thus suggesting that the balance can possibly be re-established. (50).
RISK FACTORS FOR CORONARY ARTERY DISEASE: DO THEY SIGNAL THE "BEGINNING OF THE END" OF ENDOGENOUS REPAIR?
Identification of major risk factors for CADhypercholesterolemia, smoking, hypertension, diabetes, lack of physical exercise, and family history of premature coronary or cerebral disease-related events -and the development of quantitative measures to assess the cumulative impact of these factors (such as Framingham score) on the risk for CAD is one of the most important achievements in cardiovascular medicine of the 20 th century. (51, 52) A similar grade advancement in the first two decades of the 21 st century would be to more fully understand the role of endogenous repair in patients with varying degrees of CAD risk prior to clinically manifested disease. This is especially important for patients who have only one or two risk factors, often of mild or moderate intensity, for whom the available evidence-based data offer limited preventive strategies. (53, 54) Not only is the degree of CAD risk in this population group frequently ignored, but the opportunity to prevent a clinical event by intervening earlier is often missed. If progenitor cell profiles (either alone or when combined with cytokines/chemokines and biomarkers) result in a more precise identification of patients at risk for future events by providing information otherwise unknown to clinicians, then point-of-care devices could be developed with the potential to be life-saving and cost-effective. This type of personalized information about the state of endogenous repair of a given patient could provide a new level of personalized medicine -an ultimate goal of 21 st century.
The evidence to date shows strong relationships between the ability to assess endogenous repair by quantification of circulating progenitor cell population (s) and the ability to quantify an individual's CAD risk by the Framingham risk factor score. Specifically, Hill et Recent studies have shown that even an individual risk factor for CAD is sufficient to impact "reparative" progenitor cells; in other words, hypercholesterolemia, or smoking, or diabetes by themselves have a sole power to tip the balance toward injury. Even one risk factor can make endogenous repair dysfunctional by striking at its core -the availability and function of "reparative" progenitors. Below we discuss some of the recent studies that illustrate this point.
Hyperlipidemia reduces the number of available functionally proficient EPCs. Cheng et al (58) showed that even minimally oxidized low density lipoproteins impaired the response of differentiated EPCs to NO and induce EPC apoptosis. The mechanism was attributed to an increased transfer of mitochondria-derived superoxide anion to p53, which then induced a conformational change of Bax triggering apoptosis. The addition of an anti-oxidant Nacetyl-cysteine blocked that pathway and, as expected, prevented EPC apoptosis. Treatment of hyperlipidemia with statins positively affected the numbers and the functional capacity of EPCs. (59) (60) (61) (62) (63) .
Cigarette smoking depletes circulating EPCs, and most likely other "reparative" progenitors, and impairs the functionality of these cells. Michaud and co-workers (64) have recently demonstrated that EPC percentage was reduced by half in smokers compared with control subjects (51.6±1.9 versus 120.3±10.0 per power field, p<0.001). The proliferative and migratory capacities of EPCs isolated from smokers were also severely compromised compared to controls. Although direct evidence is still lacking, second-hand smoking may also similarly impair the viability and reduce the number and functional activity of circulating EPCs since increased risk for CAD was documented in individuals with significant history of secondary exposure to tobacco smoke. (65) (66) (67) (68) No doubt quitting and/or eliminating exposure to smoking is beneficial for restoration of endogenous repair.
Hypertension appears to reduce the percentage of circulating differentiated EPCs, as recently demonstrated in spontaneously hypertensive rats by Imanishi et al. (69) These investigators also showed that target-organ hypertensive damage in humans correlated with EPC senescence. (70) Anti-hypertensive drug treatment with angiotensin II receptor blockers (71) or dihydropyridine calcium antagonists (72, 73) (77) Oxidative stress and insulin resistance -the core pathophysiological processes in addition to hyperglycemia -negatively impacted the numbers and the functional characteristics of EPCs, but those effects were reversed by thiazolidinediones. (78) (79) (80) .
Thus, even the presence of a single CAD risk factor impairs endogenous repair. Timely treatment may benefit endogenous repair; however, its efficiency relies on the ability and functional integrity of progenitor cells. While a patient with a single risk factor may appear to be at a low risk for CAD -which can instill a false sense of security into both the clinician and the patient -the dysfunctional endogenous repair will be unable to tip the balance between injury and repair in favor of repair and will allow injury and inflammation to flourish. Thus, understanding the capacity for endogenous repair in a given patient would seem necessary for improving the timing and the efficiency of CAD risk recognition. To date, the majority of research work has been focused on EPCs. + and KDR + cells in patients with varying risk factors and relating those data to small artery elasticity, state of the microvasculature (e.g., by optic fundus imaging), carotid intima-media thickness, biomarkers (myeloperoxidase, aldosterone, endothelin-1, etc) and circulating cytokines, should enable us to design risk factor identification algorithms based on the capacity of an individual for endogenous repair.
AVAILABILITY AND FUNCTIONAL STATUS OF PROGENITOR CELLS THROUGHOUT THE CONTINUUM OF ATHEROSCLEROSIS
The continuum of atherosclerosis begins with lesion initiation within the endothelium and spans through acute coronary syndromes (ACS)/AMI to end-stage HF; in fact, half of all HF cases (at least in the US) have ischemic etiology. (81, 82) Atherosclerotic plaque growth can only occur when the two following requirements are met: the assault on the endothelium by injury-causing agents and/or CAD risk factors is continuous, and the efficiency of endogenous repair is lower than it is necessary to tip the balance between injury and repair towards repair, mobilize the "reparative" progenitor cells and secure the completion of tissue healing. The magnitude of the impact of atherosclerosis on specific reparative progenitor populations is unclear. To begin characterizing the subsets of bone marrow progenitor cells affected by atherosclerosis, we have recently evaluated several bone marrow progenitor populations at early, mid-and late disease stages in ApoE -/-mice fed on a high-fat diet for 8 weeks (Figure 2A) . (83) We have found an inverse relationship between plaque burden accrual and the depletion of the two primary "reparative" bone marrow progenitor cell populations. Specifically, CD31 , however, rose at disease mid-point in a compensatory reparative attempt, but then ultimately fell as lesions progressed ( Figure 2D ). When we administered bone marrow mononuclear fraction to these ApoE -/-mice, bone marrow EPC percentage correlated with the reduction in aortic plaque formation, and that relationship was preserved in the multivariate analysis. Therefore, specific cell types may be differentially engaged in endogenous repair. (83) .
Similarly to our study in atherosclerotic ApoE -/-mice, a recently published study evaluated the relationship between EPCs (in cell culture) and CAD severity in 122 patients admitted for a diagnostic cardiac catheterization. (84) The patient sample was representative of a typical CAD cohort: the median age of the study population was 58 years; 37% of patients enrolled had multi-vessel CAD, 29% suffered from diabetes, and 14% had AMI immediately prior to admission. EPC count was the second strongest predictor of multi-vessel CAD (Odds ratio (OR) = 0.81, 95% confidence interval (CI): 0.69-0.96, p=0.01), after patient age (OR=1.79, 95% CI: 1.21-2.65, p=0.0002) by logistic regression analysis. Patients with multi-vessel CAD had significantly lower EPC counts than those without (median: 3 versus 13; p<0.009). In those patients, the likelihood for multi-vessel CAD declined by 20% for every 10 colony forming unit increase in EPCs (p<0.001) indicating that a functional endogenous repair is atheroprotective. Similarly to studies in patients with CAD risk factors, EPC colony counts were lower by half in diabetics with CAD versus non-diabetics showing that the impact of diabetes on reparative progenitor cells is additive to that of atherosclerosis. (84 + /KDR + cells) to levels higher than in age-matched controls was observed within 2 hours post AMI. This progenitor cell mobilization was relatively short-lived, only lasting for approximately 60 days, at which point both post AMI patients and controls exhibited similar cell counts. Correspondent to the rise in circulating progenitors, the number of colony-forming units also increased. (85) Similar spectrum of changes was observed in patients with unstable angina. Specifically, circulating EPCs were significantly increased in these patients compared with stable angina patients (24.5 ± 2.6 versus 13.3 ± 2.9), and the increase likewise dissipated within three months after the index event. (86) After years of research in animal models and in patients, it is now clear that progressive plaque accumulation is not an absolute prerequisite for ACS/AMI; in fact, over half of the events occur in patients with less than flow-limiting (~70%) stenoses. (87) In these patients, plaque rupture is responsible for a clinical event. Over the past decade, the term "vulnerable plaque" has gained clinical acceptance. (88) At present, imaging modalities (computed tomography, positron emission tomography, magnetic resonance imaging) are beginning to be used for plaque imaging in high-risk patients, supplemented by biomarker measurements (e.g., myeloperoxidase, brain natriuretic peptide, C-reactive protein, selected cytokines/chemokines, others). (89) (90) (91) However, considering coronary biology, plaque at any phase of atherosclerosis has a potential to rupture, and whether the rupture ultimately occurs, depends on the fibrous core stability defined by the relationship between inflammation, macrophage activity and proteolysis, especially in the shoulder regions. (1, 2, 6 , 27) Even though it is clear that a swift mobilization of reparative progenitors follows an ischemic myocardial injury, we are yet to figure out how plaque rupture could be prevented via manipulation of endogenous repair.
When endogenous reparative response is insufficient (either due to low availability of cells, or their low functional characteristics, or both) to overcome the damage after AMI and establish proper tissue healing, progression to HF takes place. (81) Over time, when a patient reaches severe HF, the power of endogenous repair is exhausted. A study of 91 patients with varying degrees of HF by Valgimigli and co-workers (57) strongly supports this notion. Specifically, CD34 + cells and EPCs (defined as AC133 + /CD34 + cells) were higher in patients with New York Heart Association functional class I and significantly lower in NYHA functional classes II-IV, with the reduction in progenitor cell reparative capacity occurring in parallel. The increased EPC counts in patients with minimal HF symptomatology dissipated over time, indicating that higher progenitor cell mobilization may in fact lead to successful endogenous repair. In patients with more advanced symptoms, EPC count elevation was significantly lower indicating that no substantial repair could ensue.
Whether or not standard ACS/AMI and HF drug treatment contributes to mobilization of endogenous repair is not yet well-characterized. Initial studies have shown stimulation of EPC counts after treatment with statins and angiotensin receptor blockers in patients with CAD. Specifically, administration of statins (40 mg daily) resulted in circulating EPC increase within one week of treatment that were sustained up to 132 ± 40% by one month. (92) Similarly, administration of olmesartan or irbesartan in standard therapeutic doses in CAD patients elevated the number of circulating EPCs similarly by 2-fold. (71) However, the recent prospective data from Weber's group (92) showed that this response is biphasic: the number of circulating EPCs becomes significantly diminished after 3 months of therapy (from 34.3 ± 2.5 EPCs/µl to 22.7 ± 1.8 EPCs/µl, p=0.002). Therefore, druginduced mobilization of endogenous repair has a self-limiting course, and ultimately whether endogenous repair can tip the balance of injury and repair towards repair depends on the number of cells in circulation and the functional activity of these progenitors. Available evidence to date suggests that drug-induced EPC mobilization is driven by endothelial NO, estrogen response elements, growth factors, peroxisome proliferator-activated receptors, and immunomodulatory effects. (21, 93, 94) However, additional studies will help define the impact of timing of therapy initiation as well as drug dosage on endogenous repair in CAD patients.
Overall, endogenous repair is an inherent part of the continuum of CAD -from endothelial dysfunction to HF. The balance between injury and repair is shifted towards injury allowing atherosclerosis to progress to an acute ischemic event. However, that event is able to mobilize endogenous reparative processes in an attempt to preserve the damaged tissues and to promote healing. Because the available number of "reparative" cells and/or their function is in most cases insufficient to halt injury, the balance does not shift towards repair allowing left ventricular remodeling to set the course to progressive HF. Standard drug therapy for this continuum has been traditionally defined by its impact on morbidity and mortality. The goal of for this decade is to establish the relationships of these therapeutic regimens and endogenous repair to maximally promote the capability for repair within the human body. We believe that manipulating endogenous repair with novel therapies (including exogenous cells) is likely to yield success.
ADMINISTRATION OF PROGENITOR CELLS FOR REPAIR IN CORONARY ARTERY DISEASE: WHAT ARE THE SUCCESSES AND THE FAILURES?
Administration of exogenous cells is our current attempt to maximize endogenous repair. When appropriate progenitors are not mobilized, we deliver those cells to assist in establishing an appropriate response to injury. The observations of bone mononuclear cell differentiation into endothelial cells in vitro, (95) improvement of myocardial contractility after placement of mesenchymal cells (96) or skeletal myoblasts (97) into the injured myocardium in animal models opened up the possibility that endogenous repair can indeed be favorably manipulated. Be it BMMNCs, mesenchymal cells, skeletal myoblasts or other cell types, each (or a combination of them) can potentially be used as a therapy to restore the damaged endothelium, repair the myocardium and even regenerate regions of the heart. In the recent decade, the field has witnessed a rapid progression from initial applications of cells in animals to first-in-man studies to phase II clinical trials. We estimate that taking the results of all trials together, 24 studies range from mildly to extremely positive, 3 are neutral and 5 are either mixed or inconclusive. (26, 98) These discrepant results are likely due to the lack of standardization of cell viability, dose, route of administration and patient selection, which we have recently elaborated on in detail. (26) Because complete regeneration of the damaged myocardium was not observed but at least some degree of functional improvement was registered in two-thirds of the clinical studies, it is evident that cell therapy can beneficially impact the damaged heart. Whether it occurs via modulating the inflammatory milieu, increasing egress of progenitors out of the bone marrow, improving efficiency of homing to the injured zone or rescuing damaged cells remains unclear. Deeper understanding of these processes in the future should lead to the refinement of cell types, delivery routes and treatment regimens and will hopefully bring more robust results.
SEX DIFFERENCES IN REPAIR: CELL TYPES OR IMMUNE RESPONSE?
CAD has been traditionally considered a "man's disease." Consequently, there has been a lack of attention to sex-based differences in symptomatology, outcomes of risk stratification testing and effectiveness of therapies in women versus men. Similarly, the sex-based differences in the biology of atherosclerosis have not been well-defined. However, recent data show that 38% of all mortality in women is, in fact, CAD-related, whereas all cancers combined are responsible for only 22% of all fatalities. (112) Epidemiological observations show in fact that comparable CAD-related morbidity and mortality in women occur approximately 10 years later than in men. (42) This effect has been usually attributed to protection from CAD conferred by endogenous estrogens.
We have recently shown that the accrual of atherosclerotic plaque burden in female ApoE -/-mice fed on a high-fat diet occurs later than in male mice and is governed by a different mathematical model. (83) Specifically, as shown in Figure 2 , male mice ApoE -/-have higher atherosclerotic plaque burden earlier than females, whereas in females catch up at later ages. In male mice plaque burden showed stabilization after a fast rise and best fit into exponential rise to maximum (i.e. had a defined end-point). In contrast, in females, plaque accumulation had a J-shaped increase at later ages and was best characterized by an exponential rise. These differences cannot simply be explained on the sole basis of reproductive hormones, as mice do not exhibit an equivalent pattern of ovarian failure that mimics human menopause. Rather, given the major roles of inflammation and repair in the onset and progression of atherosclerosis, these two components are more likely to explain these sexbased differences. Even though advances in recognition of sex-specific clinical disease features (e.g., symptoms, risk stratification) and outcomes have been recently achieved by the Women's Ischemia Syndrome Evaluation study (113, 114) , the sex-specific differences in vascular repair have not been explored.
The differences in the mean aortic plaque between male and female ApoE -/-mice ( Figure 2A) prompted us to examine bone marrow progenitors. Not surprisingly, we observed differences in mean percentages of VPCs and in CD34 + cells between male and female ApoE -/-mice relative to the progression of disease ( Figures  2B, 2C) . Specifically, bone marrow VPCs and CD34 + cells in males exhibited a proportionate linear fall corresponding to increasing plaque deposition. In females, however, the mean percentage of VPCs in the bone marrow was stable until late in the course of atherosclerosis, but the CD34 + cells fell at disease mid-point, approximately 7 weeks prior to the J-shaped rise in plaque ( Figure 2B ). Bone marrow EPCs increased at disease mid-point in both male and female mice, but the mean percentages higher in the female animals at all times (all p<0.05). This dynamics between the reparative bone marrow cells suggests existence of the two distinct processes. First, the CD34 + cells are continuously recruited throughout early and mid-disease in an attempt to repair the growing lesions and supplemented by the rise in EPCs. Higher numbers of these cells in female ApoE -/-mice could be responsible for a lower mean plaque burden at mid-disease, which in turn indicates a higher efficiency of endogenous repair. Correspondently, in males, because of the decreased CD34 + and EPC percentages in the marrow, the repair process is less efficient and more plaque accumulation occurred at middisease versus female mice. Because a more rapid plaque accrual begets a more extensive vascular remodeling, the intensity of plaque deposition lessens as male mice age and therefore, plaque burden reaches a point beyond which the growth of the lesions plateaus. Secondly, the J-shaped increase in plaque in female ApoE -/-mice and yet higher percentages of EPCs at all time points and of VPCs in early and mid disease suggest different regulatory mechanisms at the level of the bone marrow in female versus male ApoE -/-mice. What this regulatory mechanism may entail exactly is unclear. VPCs declined inversely corresponding to the Jshaped increase in plaque, and the absence of this cell population was linked to the lack of atheroprotection in our earlier study, (29) it is possible that these cells mitigate the continuous injury inferred by hypercholesterolemia but the endogenous capacity for self-renewal of these cells is finite. Therefore, once these cells fall below a critical threshold, injury thrives pushing endogenous repair into dormancy. It is also tantalizing to hypothesize that endogenous repair at the level of bone marrow requires a well-coordinated relationship between all cell types that have been deemed "reparative" to date (e.g., CD34 + , EPCs, VPCs, etc). If one of these elements, such as CD34+ cells, for example, gets continuously depleted, the bone marrow produces more immature cells (e.g., EPCs) to maintain equilibrium and repair. However, the compensatory response by EPCs (a two-fold increase in EPCs seen in female ApoE -/-mice) requires higher cell numbers than the body is capable of producing. Therefore, even though the percentage of circulating EPCs is twice as high in female ApoE -/-mice versus males, the rise may not cover the needs for repair. And even though there are more EPCs in the bone marrow ready for egress, insufficient production of other necessary cells (e.g., CD34
+ cells and VPCs) within the bone marrow (possibly coupled with an increased senescence of these cells) are the missing prerequisites for repair, and EPCs cannot accomplish what requires additional types of cells.
Differences in the progression of atherosclerosis and in the state of endogenous repair between male and female mice made us examine the differential effects of BM-MNC (derived from wild-type C57BL6/J donor mice) mediated repair after sex-matched or mismatched cell therapy. (83) In this experiment, we have shown that administration of female BM-MNCs every other week for four weeks was superior at reducing plaque burden in male ApoE -/-recipients versus male BM-MNCs (p=0.03), and that neither male nor female BM-MNCs were therapeutic in female recipient ApoE -/-mice ( Figure 3 ). It has been particularly encouraging that administration of female BMMNCs reduced plaque formation in 75% of male ApoE -/-mice (defined as the plaque burden value in a treated animal registered outside of the lower boundary of the 95% confidence interval of the correspondent vehicle-treated recipient group), and there were no animals with worsening of plaque lesions. The relative reduction of aortic plaque burden was approximately 40% compared with vehicletreated male mice. Of note, a recent trial of rosuvastatin to regress atherosclerosis in CAD patients demonstrated a seven percent reduction in plaque volume. (115) However, male BM-MNCs administered to male and to female atherosclerotic ApoE -/-recipients produced a trend towards worsening of plaque burden (ranging from 1% to 7%) compared to vehicle-treated recipients of the same sex. Even though the animal numbers are small compared to any potential human trial, such divergent clinical outcomes speak to the potential higher reparative capacity of the female BM-MNCs.
Recognizing that atherosclerosis is an inflammatory disease by nature, we hypothesized that the differences in the efficacy of male and female BM-MNCs could be related to the inflammatory milieu of the recipients or to the cytokines secreted by the donor BMMNCs. To address this question, we measured 22 circulating cytokines in vehicle-and BM-MNC treated mice, as well as in media used to maintain donor BMMNCs in vitro for 48 hours prior to delivery. Female donor BM-MNCs had approximately a two-fold higher concentration of Th2-type (anti-inflammatory) cytokines IL-4 and IL-5, and approximately three to four fold higher concentration of the hematopoietic/regulatory cytokines (G-CSF, IL-15 and IL-6) in the media versus male BMMNCs. (83) After administration of either male or female cells to male ApoE -/-mice fold increases in Th1-type (IL-1β, IL-12, TNF-α, RANTES) pro-inflammatory cytokines were approximately similar between animals that received either type of cells ( Figure 4A ). However, larger increases in Th2-type (IL-5, IL-10, IL-13, monocyte chemoattractant protein-1)
anti-inflammatory and in regulatoryhematopoietic cytokines (G-CSF, IL-6 and IL-7) were larger after treatment with female BM-MNCs. (Figure 4A ). Higher levels of plasma G-CSF correlated with a lower level of plaque burden (r=-0.86, p<0.0004). Similarly, female ApoE -/-recipients exhibited higher Th2-type cytokine fold increases after female versus male BMMNCs ( Figure 4B ) strengthening the supposition that the Th2-type cytokine increases in male recipients of female BM-MNCs resulted from the cells infused, since atherosclerosis is a predominantly Th1-type response 2) In addition, vehicle-treated female mice had significantly higher G-CSF levels versus male mice (two-fold difference, p<0.05). Therefore, the predominance of the Th2-type response in female ApoE -/-mice may in fact allow for a higher efficiency of endogenous repair until late in the disease process. However, Th2 overdrive is a delicate phenomenon. The higher Th2-type cytokine levels in female mice treated with female cells also suggest that an excessive Th2 overdrive may be detrimental long-term, and thus cell-mediated repair in females may require additional immunomodulation (most likely by regulatory cytokines). These new findings are important for current and future cell therapy trials in CAD, as it is evident that men and women may require different approaches timed with need, reparative capacity and inflammatory milieu.
PERSPECTIVE
Over the past century, our understanding of atherosclerosis has evolved to recognize the importance of inflammation in the pathophysiology and clinical manifestations of CAD. Recent advances in progenitor cell biology have enabled us to begin viewing atherosclerosis as a disease of failed endogenous repair followed by progressive vascular injury. Sex-based differences in CAD are well established. Simultaneous evaluation of injury and repair processes in men and women going forward should provide insights into these differences, allow us to develop diagnostic tools for both markers of injury and repair, which should provide a more precise assessment of individuals at risk for progression of CAD, and finally enable us to generate new therapeutic targets to halt or prevent atherosclerosis by enhancing the endogenous repair processes.
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